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(Background: Haemophilus influenzae requires a substrate-binding protein (SBP)-dependent TRAP transporter to acquire
sialic acid.

Results: A conserved arginine residue in the SBP is essential for the high affinity and carboxylate specificity of the TRAP
transporter.

Conclusion: The arginine/carboxylate interaction in TRAP SBPs restricts substrate range to carboxylate-containing substrates.
Significance: The study reveals the mechanism by which a key bimolecular interaction underpins bacterial virulence.
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Tripartite ATP-independent periplasmic (TRAP) transport-
ers are secondary transporters that have evolved an obligate
dependence on a substrate-binding protein (SBP) to confer uni-
directional transport. Different members of the DctP family of
TRAP SBPs have binding sites that recognize a diverse range of
organic acid ligands but appear to only share a common electro-
static interaction between a conserved arginine and a carboxy-
late group in the ligand. We investigated the significance of this
interaction using the sialic acid-specific SBP, SiaP, from the
Haemophilus influenzae virulence-related SiaPQM TRAP
transporter. Using in vitro, in vivo, and structural methods
applied to SiaP, we demonstrate that the coordination of the
acidic ligand moiety of sialic acid by the conserved arginine
(Arg-147) is essential for the function of the transporter as a
high affinity scavenging system. However, at high substrate con-
centrations, the transporter can function in the absence of Arg-
147 suggesting that this bi-molecular interaction is not involved
in further stages of the transport cycle. As well as being required
for high affinity binding, we also demonstrate that the Arg-147
is a strong selectivity filter for carboxylate-containing substrates
in TRAP transporters by engineering the SBP to recognize a
non-carboxylate-containing substrate, sialylamide, through
water-mediated interactions. Together, these data provide bio-
chemical and structural support that TRAP transporters func-
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tion predominantly as high affinity transporters for carboxy-
late-containing substrates.

Secondary transporters use preformed electrochemical gra-
dients to energize the concentrative movement of chemicals
across biological membranes and are ubiquitous in living cells.
Bacteria use secondary transporters primarily for uptake of
nutrients from their environment, and often bacterial genomes
can encode over 100 different secondary transporters (1), which
will likely transport a very wide variety of substrates ranging
from sugars, amino acids, nucleotides, fatty acids, inorganic
ions, and organic acids (1, 2). Many bacteria and archaea, espe-
cially those that live in the sea and other marine environments
(7), and also a range of human pathogens, use a particular family
of secondary transporters called tripartite ATP-independent
periplasmic (TRAP)® transporters that also have a substrate-
binding protein (SBP) component (3-5). The SBP is either free
in the periplasm of Gram-negative bacteria or anchored to the
cell membrane in Gram-positive bacteria and is a transporter
component traditionally found in prokaryotic ATP-binding
cassette uptake systems (6, 7). Through the characterization of
the SiaPQM sialic acid-specific TRAP transporter from Hae-
mophilus influenzae, which is essential for host colonization,
some of the properties conferred by using the SBP have been
elucidated at the biochemical level (8 —11). TRAP transporters
have three subunits, the SBP and two membrane proteins of
unequal size. The M subunit is a 12-transmembrane helix
(TMH)-containing protein that is a member of the ion trans-
porter superfamily and likely forms the translocation channel,
whereas the Q subunit is a 4-TMH protein of essential but
undefined function. In the H. influenzae SiaPQM TRAP trans-

® The abbreviations used are: TRAP, tripartite ATP-independent periplasmic;
SBP, substrate-binding protein; r.m.s., root mean-squared; Neu5Ac,
N-acetylneuraminic acid; TMH, transmembrane helix; IPTG, isopropyl
1-thio-B-p-galactopyranoside; LOS, lipooligosaccharide.
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porter, the SBP is SiaP, and the two membrane proteins that
constitute the TRAP transporter, SiaM and SiaQ), are naturally
fused into a single predicted 17-TMH protein, SiaQM. The SBP
initiates the transport process by binding the substrate. By
beinglocated on the extra-cytoplasmic side of the membrane, it
imposes directionality on a secondary transporter by delivering
the ligand to the SiaQM membrane domains for subsequent
translocation into the cell (12).

The first structure of a TRAP SBP (5) revealed that the charge
of the carboxylate group of the ligand, sialic acid, was neutral-
ized by an arginine residue, Arg-147, in SiaP, which sequence
analysis had revealed to be the most highly conserved residue,
being present in 98% of TRAP SBPs of the common DctP family
(5). On this basis, the Arg/carboxylate interaction was proposed
to be a defining feature of the DctP-TRAP SBPs that might have
additional functions in the overall transporter mechanism than
simply this electrostatic interaction with the ligand (4), such as
triggering of domain closure in the protein. Additional struc-
tures of DctP-type SBPs from TRAP transporters that recog-
nize (hydroxy-)ectoine, pyroglutamate, and monocarboxylate
keto acids as substrates all have a similarly functioning arginine
residue (13—-17). By comparing the substrate-binding sites in
these different SBP structures, it is clear that each binding site is
highly adapted to its particular carboxylate-containing sub-
strate, with the notable exception of the conserved Arg/carbox-
ylate interaction that is observed between the equivalent resi-
dues to Arg-147 of SiaP and the carboxylate group of the
different substrates (4). A remarkable recent study has added
another 29 unique DctP-TRAP SBP structures to the Protein
Data Bank, each with an equivalent arginine (18). These data
reinforce the key role of this residue in defining the biological
function and substrate range of TRAP transporters, but the
structural and biochemical consequences of its disruption have
not been investigated to date.

To investigate how SiaP recognizes its sialic acid substrate,
Johnston et al. (8) examined the biological phenotypes of a
number of site-directed mutants of SiaP. Residue Arg-147 was
mutated to lysine and to alanine. Using a monoclonal antibody
that is unable to recognize sialylated lipooligosaccharide (LOS),
they demonstrated a complete lack of complementation of a
siaP strain of non-typable H. influenzae by siaP genes that con-
tain the Arg-147 mutations (8). In contrast, other mutations of
the binding site resulted in complete or partial complementa-
tion, suggesting that they were not important for transport and
hence the sialylation phenotype. The basis for the lack of LOS
sialylation for Arg-147 mutants was not determined but is con-
sistent with Arg-147 playing an important role in transporter
function.

In this study we determined the role of the arginine/carbox-
ylate interaction using SiaP. We demonstrate that it is essential
for high affinity binding of substrate and transport under phys-
iological conditions of low substrate concentrations but also
that its loss can be tolerated at high ligand concentrations. By
disrupting this key interaction in a rational way, we show that
we can change the substrate specificity of the SBP from binding
a carboxylate to binding an amide. Together these data demon-
strate a key role for the Arg-147/carboxylate interaction in
TRAP transporter function.
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Experimental Procedures

Bacterial Strains and Culture Conditions—For cloning
and transformation, Escherichia coli DH5a, BW25113, and
MC1061 were grown in LB broth (10 g/liter tryptone, 5 g/liter
powdered yeast, 10 g/liter NaCl). Protein production and
growth on specific carbon sources used M9 minimal medium
salts (19) supplemented with 0.4% p-glucose, Neu5Ac, or other
carbon source at the indicated concentrations. Antibiotic selec-
tion, where appropriate, used 30 ug/ml chloramphenicol, 100
pg/ml ampicillin, and 50 ug/ml kanamycin.

Mutagenesis of the siaP Gene—The wild-type siaP gene
(HI0146) was amplified by PCR from genomic DNA of H. influ-
enzae Rd using the primers siaPfor 5'-gcggtacctaaaagaaggagat-
atacatatgatgaaattgacaaac-3' and siaPhis6rev 5'-ccgctcgagttagt-
gatggtgg tgatgatgtggattgattgcttcaatttg-3'. The product was
digested with Ndel and Xhol and cloned into pBlueScriptII KS,
verified by DNA sequencing, and then subcloned using the
same sites into pET21b creating pAH16. To mutate the siaP
gene in pAH16 directly, we used partially overlapping oligonu-
cleotide primers with a silent Stul restriction site in the reverse
primer (20); the primers for R147A were 5'-aaacttgctgtgccaaa-
tgcagcaacaaac-3' (forward) and 5'-ggcacagcaagtttcaggectttcat-
atctge-3' (reverse); R147K primers were 5'-aacttaaagtgccaaat-
gcagcaacaaac-3' (forward) and 5'-ggcactttaagtttcaggcctttcatat-
ctge-3' (reverse); and R147E primers were 5'-aaacttgaagtgcca-
aatgcagcaacaaac-3' (forward) and 5’-ggcacttcaagtttcaggectttc-
atatctgc-3' (reverse), creating plasmids pAH35 (R147A),
pAH36 (R147E), and pAH37 (R147K). For low copy number
expression for in vivo growth and uptake experiments, we used
pWKS30 (21) as the vector. Either wild-type or mutated siaP
alleles from pAH16 and pAH35-37 were amplified and digested
with Ndel and Xhol before being cloned in a three-way ligation
with Xhol-siaQM-BamHI and Ndel-, BamHI-cut pWKS30,
pAH15 (siaP-Hisg), pES15 (R147A), pES16 (R147K), and pES17
(R147E). To mutate the siaP gene in pAH16 directly, we used
partially overlapping oligonucleotide primers with a silent Ncol
restriction site in the reverse primer (19); F170Wfor 5'-atggca-
tggtctgaagtttatcttgegttac-3’ and F170Wrev 5'-cttcagaccatgeca-
tgggtgttggtgatge-3', creating pAH45. The same primers were
used to introduce this point mutation in the pAH35-37 series
creating pAH66, pAH64, and pAH65, respectively. The clones
were verified by DNA sequencing.

Expression and Purification of SiaP Proteins—A flask con-
taining 50 ml of M9 minimal medium containing 0.4% p-glu-
cose was inoculated with E. coli BL21 (DE3) pLysS pAH16 or
other pET21 derivatives and grown at 37 °C overnight with
shaking at 180 rpm. This was inoculated into 625 ml of M9
minimal medium containing 0.4% D-glucose to an A, 0.1,
grown at 25 °C to an Ay, 0.2—0.3, expression induced by the
addition of 1 mm IPTG, and incubated overnight at 25 °C.
Induced cells were spun at 4000 X g for 20 min at 4 °C, resus-
pended in 25 ml of 5 mm EDTA, 50 mum Tris, 0.5 M sucrose, pH
8.0, and incubated with 12 mg of lysozyme (chicken egg white;
Sigma) at 30 °C for 2 h to prepare the periplasmic fraction. The
sample was then centrifuged at 17,000 X g for 10 min at 4 °C,
and the supernatant was dialyzed against 20 mm Tris/HCI, 300
mM NaCl, pH 7.5 (TBS). This was clarified by centrifugation at
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17,000 X g for 10 min at 4 °C, and imidazole was added to 12
mM. A 1-ml HisTrap HP column (GE Healthcare) was washed
with TBS, 12 mm imidazole using a P-1 peristaltic pump (Amer-
sham Biosciences). The dialyzed and clarified periplasmic frac-
tion was loaded onto the column at a 2-5 ml min~", washed
with 20 column volumes of TBS, 20 mm imidazole, and the
protein eluted with TBS 400 mMm imidazole. Protein-containing
fractions were visualized using SDS-PAGE, pooled, and con-
centrated using Vivaspin 2 ultrafiltration spin columns with a
5-kDa molecular mass cutoff (Sartorius).

Protein Fluorescence Spectroscopy—Protein fluorescence
experiments were performed in a 3-ml quartz cuvette (Starna)
using a FluoroMax2 (Instruments SA, Inc.) with an LTD6 water
bath (Grant) controlled with the supplied software, DataMax-
Std version 2.20. SiaP contains no tryptophans, and so the pro-
tein was excited for tyrosine fluorescence. 0.05 uM protein in 50
mM Tris/HCI, pH 8.0, was excited at 281 nm with slit widths of
5-10 nm to give a signal intensity of 2—-3 X 10° units. Ligand
was added at concentrations and times to produce spectra and
time course titrations. For titrations, the cumulative fluores-
cence change was plotted using SigmaPlot (version 10.0), and
the K, value was determined using a fit to a simple hyperbolic
curve. For the F170W/R147K mutant titrations, protein was
used at 0.5 uM. To obtain the required millimolar additions of
Neu5Ac for titrations, additions of 40 ul of ligand were added,
and so a dilution only control was run in parallel to remove
dilution effects from the calculation of K, values.

Circular Dichroism—CD spectra were determined using a
J-810 spectropolarimeter (Jasco) controlled by the supplied
software Spectra Manager version 1.53.00 and maintained at
constant temperature by the Peltier unit PFD-425S. The spec-
trum of 0.1 mg/ml protein in 10 mm potassium phosphate
buffer, pH 8.0, was determined in a 1-mm pathlength quartz
cuvette (Starna) between 240 and 180 nm at 100 nm/min with a
1-nm pitch.

Isothermal Titration Calorimetry—Both the protein and ligand
preparations were degassed at 2 °C below the experimental tem-
perature immediately prior to analysis using a VP-ITC microcalo-
rimeter (MicroCal), controlled by VPViewer2000 version 1.4.24
(MicroCal LLC). The titration pattern was an initial injection of 3
wlof theligand, followed by 6-ul injections of 14's and separated by
180s. The titrations were then analyzed using Origin 7SR2 version
7.0383(B383) (OriginLab Corp.) by fitting to one set of binding
sites.

Whole Cell ["*C]Neu5Ac Uptake Assay—These were per-
formed in a similar manner to Severi et al. (22). Briefly, over-
night cultures in minimal medium with the carbon source of
interest were diluted to an A, of 0.1 in the same medium and
grown to an A, of 0.5. These cells were harvested, washed four
times, and resuspended in M9 salts to an A, of 3.0. For
Neu5Ac uptake assays, cells were diluted 10-fold in M9 at 37 °C
and allowed to acclimatize for 2 min with stirring, before initi-
ating the assays by adding varying amounts of [**C]Neu5Ac
(Sigma) appropriately diluted with unlabeled Neu5Ac. The
uptake assay and total protein quantification were then per-
formed as described in Severi et al. (11), except that 200 ul of
cell suspensions were immobilized instead of 400 wl. K, and
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Vmax Values were calculated by fitting to a hyperbolic Michae-
lis-Menten equation using SigmaPlot.

SiaQM-Proteoliposome ['*C]Neu5Ac Uptake Assay—In vitro
["*C]Neu5Ac uptake by reconstituted SiaPQM was measured
using the method of Mulligan et al. (12). N-terminally tagged
SiaQM was purified from the E. coli MC1061 pBADnQM
membrane fraction using nickel-nitrilotriacetic acid resin (Qia-
gen) and reconstituted into proteoliposomes with E. coli lipids
by rapid dilution. Proteoliposomes containing 200 ug of SiaQM
were resuspended in Inside buffer (100 mMm potassium acetate,
20 mMm potassium phosphate, 2 mm MgSO,, pH 7.0) and
extruded 11 times through a 400-nm polycarbonate filter
(Avestin Inc.). The extruded proteoliposomes were collected by
ultracentrifugation and resuspended in 50 ul of Inside buffer.
For each uptake assay, 5 um of the binding protein of interest
and 5 uMm [**C]Neu5Ac were added to 300 ul of the reaction
(Outside) buffer (100 mm sodium acetate, 2 mm MgSO,, 20 mm
sodium PIPES, pH 7.0, 1 uM valinomycin) and incubated at the
reaction temperature of 30 °C for 1 min. 6 ul of 1.15 um SiaQM-
proteoliposomes were added to start the reaction, and 50-ul
samples were taken as indicated. Each of these samples was
mixed with 50 ul of reaction buffer containing 1 mm unlabeled
sialic acid for 10 s, added to a 0.22-um nitrocellulose filter (Mil-
lipore), and washed with 2 ml of 50 mM potassium phosphate
buffer, pH 7.0. The radioactivity associated with the filters was
determined using liquid scintillation counting.

Bacterial Growth Experiments—E. coli BW25113 AnanT
containing pAH15 or pES15-17 was inoculated to an A4, 0.01
in 700 ul M9 minimal medium with Neu5Ac and 1 mm IPTG in
a 24-well glass-bottom plate closed by an air-permeable sterile
lid. Growth at 35 °C with shaking at 250 rpm was monitored
using a prototype incubated plate shaker (EnzyScreen). Shaking
was halted every 30 min for about 1 min so that a flat-bed scan-
ner could capture an image of the base of the plate. The increas-
ing whiteness of the growing cultures was converted to a G
value by the associated software (ImageAnalysisGIU version
1.0.0.0), which was correlated to an A, value (A5,*) using a
stand curve. The density of all growth experiments was within
the linear range of this.

For growth atlow (1 mm) concentrations of Neu5Ac, we used
a Tecan Infinite M200 Pro microplate reader. Bacteria were
inoculated from a single colony into 4 ml of M9 glucose (0.4%
w/v) medium and grown overnight. For strains harboring plas-
mids, ampicillin (100 pwg/ml) and IPTG (1 mm) were added. The
Ags0 nm Of €ach culture was measured and adjusted to 1 by addi-
tion of 1X M9 salts. 150 wl of M9 minimal medium with the
appropriate concentration of Neu5Ac was aliquoted into the
96-well plate (Corning Costar 3595), and 1.5 ul of bacterial cell
suspension was added and mixed by pipetting. For strains har-
boring plasmids, ampicillin (100 ug/ml) and IPTG (1 mMm) were
added. The outer wells of the 96-well plate were filled with 150
wl of sterile distilled H,O to prevent evaporation from the inter-
nal wells. The plate reader was set to monitor A4 ,,,,, €very 30
min for 48 h and to maintain a constant temperature of 37 °C.
Data were exported to Magellan data analysis software for anal-
ysis. An average of two media-only control wells was taken from
every 30-min time point. The data were normalized by sub-
tracting this value from the A4, .., reading for all cultures at
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the respective time point to eliminate background absorbance
noise.

Crystallography—SiaP W'T and mutant proteins at a concen-
tration of 30-35 mg/ml were co-crystallized with the respec-
tive ligand at concentrations of 10, 15, and 20 mm (for R147K,
R147A,and R147E/WTT, respectively) using 300-nl sitting drops
in 96-well Greiner plates composed of an equivolume of protein
and reservoir buffer (100 mm MES, pH 6.0, 28.5% PEG 6K (w/v),
with varying additives). Crystals obtained at 4 °C were vitrified
in the presence of 10% glycerol and tested in-house before data
collection at ID23-2 at the ESRF synchrotron facility in
Grenoble, France, and at beamline 104 at the DIAMOND Light-
source, Didcot, UK.

Data were processed in MOSFLM and SCALA, and initial
phases were obtained by rigid body refinement using 2V4C as a
closed model and for the 5% Rq,.. batch. The WT-Neu5Ac
structure was solved using ACORN ab initio phasing to elimi-
nate model bias at atomic resolution with a fragment subset of
800 atoms starting from atom 1 of the same model. Cycles of
refinement within Refmac (version 5.5.0109) were iterated with
model building in Coot (version 12). Ligand and water mole-
cules were added in the final iterations of model building and
refinement, and Babinet scaling was applied. Structures were
refined anisotropically with the exception of the R147K struc-
ture (2xwi), which was refined isotropically at a resolution of 2.2
A. Composite omit maps were calculated with Comit (23) for
the placement of low occupancy water molecules that were
added automatically using Coot. Finally, water molecules were
checked to fulfill the following criteria: the “Density Fit Graph”
and “Check Waters” validation tools in Coot, B-factor variance,
and H-bond distances. The identity of the compounds within
the WT and R147E structure was checked using unrestrained
refinement on the basis of their atomic B-factors and bond
lengths. Finally, the data were checked using Coot, Sfcheck,
Procheck, and the ADIT Protein Data Bank deposition server.
The superpositions and figures were generated with PyMOL
version 0.99 and Corel DRAW X3, respectively.

Results

Arg-147 Is Essential for High Affinity Ligand Binding to SiaP
in Vitro—A reanalysis of the Pfam database family for DctP-
TRAP SBPs (SBP-bac-7) reveals that 5943 of 6142 full-length
sequences (96.8%) have an arginine residue in an equivalent
position to Arg-147 in SiaP. To investigate the involvement of
SiaP residue Arg-147 in transporter function, we mutated it to
either alanine (R147A) or lysine (R147K). Binding of N-acetyl-
neuraminic acid (Neu5Ac) to C-terminally hexahistidine-
tagged wild-type SiaP-His, yielded a K, of 0.14 = 0.04 M, in
close agreement with published data for native or N-terminally
His-tagged versions (Fig. 14) (8, 11). In contrast to this high
nanomolar affinity, the R147A and R147K mutants analyzed in
the same way gave no detectable change in fluorescence with
additions of up to 3 mm Neu5Ac. To increase the optical read-
out signal, we generated a SiaPF170W mutant with improved
optical properties, demonstrating a 50% quench in the emission
signal at 340 nm upon binding of Neu5Ac (Fig. 1B). The effect
on the binding affinity was relatively modest (K, for Neu5Ac of
1.21 = 0.03 uMm). The Arg-147 mutations were introduced into
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the F170W background, and we were able to detect saturable
Neu5Ac binding to the F170W/ R147K mutant alone with very
low affinity (K, of 38.7 = 8.3 mM). As an alternative non-optical
method, we measured binding by isothermal titration calorim-
etry, and although we obtained consistent data for the SiaP-
His, witha K, 0f 0.11 = 0.02 uM (Fig. 1C), we could not observe
binding for the mutants. The folded state of the mutant pro-
teins was examined using CD spectra that revealed a compara-
ble secondary structural profile to the wild-type protein sug-
gesting that the loss of high affinity binding is not due to a loss
of protein folding (data not shown).

High Affinity Sialic Acid Transport Is Abolished in Arg-147
Mutants—To determine the effect of Arg-147 mutations on
whole transporter function, we measured transport of Neu5Ac
in both whole cell and reconstituted SiaPQM-mediated trans-
port assays. We constructed the same siaP alleles (R147A and
RI147K) in a complementation vector that contained the com-
plete siaPQM operon and was shown to restore Neu5Ac uptake
to an E. coli AnanAT strain (22). Rapid uptake of 5 um
[**C]Neu5Ac into these cells was observed for the wild-type
siaP allele (Fig. 2A), whereas no detectable uptake was observed
with the R147A allele but a very low level of uptake for the
R147K allele was detected (Fig. 24, inset). We also reconstituted
the membrane domains of SiaQM into proteoliposomes and
measured uptake of 5 um [**C]Neu5Ac with 5 um SiaP as
described by Mulligan et al. (12). Although we could readily
measure uptake with the wild-type protein, we were unable to
measure uptake with either the R147A or R147K mutants (Fig.
2B). Taken together, these data suggest that physiological high
affinity transport by SiaPQM is abolished by the alteration of
the Arg-147 residue of SiaP.

Arg-147/Carboxylate Interaction Is Not Essential for SBP
Closure—The high level of conservation of the Arg-147 residue,
or its equivalent in other DctP-TRAP SBPs, is unusual for a
binding protein family, where sequence diversity is normally
much greater. Given the almost total loss of detectable function
for SiaPQM containing this single point mutant within an oth-
erwise unaltered binding site, we wondered whether the argi-
nine/carboxylate interaction might have additional fundamen-
tal roles in the SBP function such as domain closure or
productive interactions with the SiaQM proteins. To under-
stand the structural consequences of removing the Arg-147
from SiaP, we crystallized the R147A and R147K mutants in the
presence of 10—15 mm Neu5Ac (Table 1). Surprisingly, given
the very weak binding observed for these proteins in vitro, both
structures contain Neu5Ac bound in the substrate binding
pocket, and the proteins are clearly in the closed ligand-bound
conformation as opposed to the expected open ligand-free con-
formation that has been observed for SiaP previously (Fig. 34)
(5, 8). Overall, both mutant structures are structurally indistin-
guishable from the wild-type structure in complex with
Neu5Ac (3B50) (8) with a root mean square deviation (r.m.s.d.)
of 0.30 and 0.17 A for the R147K and R147A mutants, respec-
tively. The ability of the mutant proteins to bind and close
around the Neu5Ac in these conditions suggests that the inter-
action of Arg-147 with the carboxylate is neither essential for
protein closure nor Neu5Ac accommodation. Neu5Ac is rec-
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FIGURE 1. Neu5Ac is bound by SiaP-Hisg with high affinity. A, tyrosine fluorescence changes of 0.05 um SiaP-Hisg upon increasing additions of Neu5Ac. B,
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pH 8, at 37 °C. 150 um Neu5Ac was injected into the cell in 6-ul aliquots.

ognized in an identical fashion to the wild-type protein, albeit at
a much lower affinity.

Ordered Water Molecules Mediate Ligand Contacts to the
SiaP Arg-147 Mutants—We examined the structure in more
detail to assess how the loss of the Arg-147 residue is still com-
patible with binding of Neu5Ac. With the relatively conserva-
tive substitution of arginine to an also charged lysine (Fig. 3B),
the key guanidinium group of Arg-147 is partially substituted
by the N¢ atom of Lys-147, which occupies an equivalent posi-
tion (0.3 A shift) to one of the NH, groups of Arg-147 and
provides one of the interactions with the ligand (Fig. 3B). The
other contact is now mediated by a water molecule that pro-
vides the missing H-bond to the carboxylate of Neu5Ac (Fig.
3B). The R147A mutant protein also crystallized in a closed
Neu5Ac-bound form, despite effectively reducing the highly
conserved charged side chain to a methyl group (Fig. 3C). In
contrast to the R147K mutant, the replacement of Arg-147 by
alanine results in removal of all direct contacts between residue
147 and the Neu5Ac (Fig. 3C). Rather, two water molecules
dissipate the charge of the Neu5Ac carboxylate, mediating con-
tacts between ligand and protein. One of these water molecules
(water 1) is present in both the R147K and R147A structures,
although the other water (water 3) is unique to this structure.
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Despite this significant change in the binding pocket, the
structure of SiaP around the missing arginine is only very mildly
perturbed. In both structures (2xwi and 2xwk) slightly elevated
B-factors for the carboxylate group of Neu5Ac compared with
the rest of the ligand indicate that this part of the Neu5Ac is less
constrained in the absence of the strong interaction with the
Arg-147 residue, compared with the wild-type protein. Water 3
also has a higher B-factor than water 1, which manifests as an
anisotropic motion perpendicular to the carboxylate. This
mobility translates to the neighboring water molecule (water 4)
that moves by ~1 A with respect to the wild type, concomitant
with a 0.5-A translation of the B-strand that bears residue 147.
There are no additional waters present in the void left by the
short side chain of Ala due to the aliphatic patch behind the
arginine that drives it into the binding site (4). Hence, although
Arg-147 provides important contacts that are essential for high
affinity binding, the required coordination of the Neu5Ac car-
boxylate in the binding pocket can be fulfilled by water mole-
cules allowing these mutants to both bind and close around the
Neu5Ac under these conditions.

High Ligand Concentrations Restore in Vivo Transporter
Function for SiaP Arg-147 Mutants—Given that the structural
data suggested that the Arg-147 mutant can close and the struc-
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ture of the ligand-bound forms for the wild-type and Arg-147
mutants are indistinguishable apart from the missing Arg/car-
boxylate interaction, we reasoned that transporter function
might be restored under similar substrate concentrations to
those used for crystallography. To test this hypothesis, we used
a genetic system that requires the presence of a functional sialic
acid transporter to allow growth of E. coli in liquid media with
sialic acid as the sole carbon source. In an M9 minimal medium,
E. coli will grow on 3.2 mM (~1 mg/ml) Neu5Ac as the sole
carbon source, which is dependent on the NanT sialic acid
transporter, a classical secondary transporter of the major facil-
itator superfamily (22, 24). A AnanT strain cannot grow on
Neu5Ac unless a functional sialic acid transporter is provided in
trans, and siaPQM can function in this role (22). Using the
AnanT strain complemented with either the wild-type siaPQM
or equivalent genes containing the specific Arg-147 mutants,
we were indeed able to detect growth for all of the strains (Fig.
2C). Interestingly, we observed differential growth phenotypes
for the Arg-147 mutants, with the more conservative changes in
the R147K mutant exhibiting growth more similar to the strain
expressing the wild-type SiaP (doubling times of ~120 min),
than the R147A mutation, which resulted in an ~50% decrease
in the growth rate, giving a doubling time of about ~180 min.
We repeated these experiments using a microplate reader with
lower (1 mm) Neu5Ac concentrations and saw a similar pattern
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of results, although the R147A mutant growth is severely atten-
uated (Fig. 4). These data suggest that in the presence of rel-
atively high external concentrations of sialic acid and in the
context of transporter function in whole cells, the Arg-147
residue is not essential and in fact links the differential phe-
notypes for substitutions of the Arg-147 to the nature of the
side-chain modifications introduced and observed in the
crystal structures.

Weakening Protein and Ligand Interactions Simultaneously
Abolish Transporter Function—E. coli can grow on the related
nonulosonic acid KDN using siaPQM expressed in trans (25),
but this compound binds to SiaP with over 300-fold lower affin-
ity than Neu5Ac (K of 42 um) (5). To test whether wild-type
and mutant versions of SiaPQM could function with this
weaker binding substrate, we repeated the above experiments
but with KDN replacing Neu5Ac as the sole carbon source.
Although we could detect growth for the wild-type on KDN,
there was no detectable growth of the Arg-147 mutants (Fig.
2D). Together these data suggest that for the physiological sub-
strate of SiaPQM, the loss of the function of the Arg-147 can be
tolerated in vivo at high substrate concentrations. However, for
a ligand that already binds relatively weakly to the wild-type
protein, the resulting drop in ligand binding affinity in the Arg-
147 mutants is too great to support any physiological function-
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TABLE 1
Data collection and refinement statistics
SiaP R147A R147K R147E Wild type (WT)
Protein Data Bank code 2xwk 2xwi 2XwWo 2XWV
Ligand 15 mm Neu5Ac 10 mMm Neu5Ac 20 mM sialylamide (20 mm “sialylamide” = ) Neu5Ac
Data collection 1D23-2 (ESRF) ID23-2 (ESRF) 1D23-2 (ESRF) 104 (Diamond)
Resolution range (A) 29.02-1.49 (1.57-1.49) 43.2-2.20 (2.32-2.20) 29.06—1.54 (1.58-1.54) 43.5-1.05 (1.08-1.05)
Space group P2,2,2, P2, 2,2, P2, 2,2, P2,2,2,
Unit cell parameters
a, b, ¢ (A) 47.8,74.8,87.1 48.5,74.5, 86.1 47.9,74.8,87.2 47.7,74.5, 86.9
a, B,y () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Completeness (%) 100 (100) 99.48 (96.02) 100 (100) 97.6 (93.2)
Unique reflections 44,338 (6391) 16,495 (2347) 47,100 (6764) 141,294 (19425)
I/o(l) 13.8 (4.2) 10.2 (2.6) 11.9 (2.5) 9.4 (2.0)
Redundancy 7.3(7.3) 10.1 (10.3) 7.3(7.3) 4.6 (4.4)
R erge (%) 0.114 (0.606) 0.219 (1.111) 0.120 (0.974) 0.085 (0.668)
Refinement and model statistics
Ryon (%) 0.1097 (0.137) 0.198 (0.249) 0.1304 (0.207) 0.125 (0.258)
free 0.1636 (0.226) 0.262 (0.308) 0.1789 (0.275) 0.150 (0.263)
 vork 4 test 0.1125 0.201 0.13287 0.126
B-factor (A?)
All 16.8 41.7 19.5 12.7
Main chains 12.1 41.4 16.0 11.2
Side chains, solvent 20.2 42.0 22.2 14.9
Ligand 9.2 34.1 10.1 6.1
No. of atoms
Non-H protein 2507 2512 2503 2761
Ligand 21 21 21 21
Solvent 487 209 391
Solvent content, VS (%) . 45 46 45 45
Matthew’s coefficient, VM (A®/Da) 2.2 2.3 2.2 2.2
r.m.s.d.
Bond lengths (A) 0.015 0.018 0.018 0.019
Bond angles (°) 1.45 1.15 1.51 1.74
Ramachandran plot (%)
Preferred regions 98.58 98.21 98.58 99.04
Allowed 1.42 1.79 1.42 0.96

ing of the transporter in the low micromolar concentrations of
free Neu5Ac found in the body.

Engineered Arg-147 Mutant Can Accommodate Non-carbox-
ylate-containing Ligands—The coordination of Neu5Ac in the
R147A mutant suggests that waters can essentially replace
the guanidinium group of the arginine and retain the ability of
the protein to coordinate the carboxylate of the ligand. To
investigate whether this water network adds plasticity, ie.
ligand promiscuity, we engineered an R147E mutant to main-
tain the hydrophobic part of the arginine side chain and yet
have the capacity to coordinate water 1 and water 3 observed in
the R147A structure. In addition, by using the charge-swap from
Arg to Glu, we can also assess the ability of the water molecules to
dissipate the apparent charge clash. In vivo data confirm the in
silico predictions as growth of bacteria containing SiaP with the
R147E mutation is more impeded than the R147K mutation but
less than the R147A mutation (Fig. 2). These data suggest that the
two waters are able to accommodate two carboxylate groups
pointing directly toward each other, while retaining sufficient
function to enable bacterial growth.

To investigate further the ability of the waters to relax the
selectivity of SiaP for its ligands, the R147E mutant was crystal-
lized in the presence of the non-cognate ligand sialylamide,
which differs from Neu5Ac by a change of the carboxylate to an
amide (Fig. 5A4). This neutral molecule was previously reported
to bind wild-type SiaP with around a thousand-fold lower affin-
ity than Neu5Ac (K, of 240 um (5)). The R147E-sialylamide
co-crystal structure (Fig. 54) again reveals a closed conforma-
tion with an r.m.s.d. of 0.2 A from the wild-type SiaP in complex
with Neu5Ac. The amide and the opposing carboxylate group
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of Glu in the charge-swap mutant are linked by the two inter-
stitial waters 1 and 3 in equivalent positions to those seen
within the R147A mutant. The presence of the NH, group
results in the slight rearrangement of the water network around
this ligand (waters 5-7 in Fig. 5A) as the NH, group donates
rather than accepts hydrogen bonds.

We attempted to crystallize the wild-type protein with this
non-cognate sialylamide ligand and were able to collect data to
atomic resolution of 1.05 A where ab initio phasing was applied
to remove any model bias. Strikingly, the ligand appeared to
be coordinated exactly as Neu5Ac, including the positioning
of all waters in the binding pocket, and careful refinement of
the structure revealed that the bound species was in fact
Neu5Ac, based on analysis of H-bonding patterns (interac-
tion with waters), B-factors of the carboxylate, and also con-
sidering expected bond lengths for unrestrained refinement
of oxygen and nitrogen atoms (26). This final structure
(2xwv) is indistinguishable (r.m.s.d. 0.1 A) from the refer-
ence SiaP-Neu5Ac complex of Johnston et al. (8) and has the
highest resolution for a TRAP SBP to date (Fig. 5). Mass
spectrometry data confirmed the presence of trace amounts
of Neu5Ac in the sialylamide sample despite purification
after synthesis using silica and ion-exchange chromatogra-
phy and checked by one-dimensional '"H NMR.” The finding
that the wild-type protein was able to selectively bind this
minor contaminating component, while R147E protein
exposed to the same stock crystallized with the bound sialyl-

7 A. Watts, unpublished data.
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FIGURE 3. Ligand binding induces closure of the mutants with waters
substituting missing direct interactions. A, structural superposition of
mutants R147K (magenta) and R147A (green) onto WT (gray, shown with side
chains) highlights that all structures exhibit a closed conformation in the
presence of Neu5Ac (blue) and are structurally indistinguishable. B, close-up
of the binding pocket of the R147K mutant solved to 2.2 A resolution, with
electron density (2mF, — DF_ omit maps rendered at 10) shown, reveals that
two water molecules 7 and 2 (red spheres labeled with blue font) take up inter-
actions with opposite ends of the ligand enabled by the alternative confor-
mation of Asn-10 and the Lys mutation. C, close-up of the binding pocket of
R147A (2mF, — DF_ omit maps rendered at 1.50). The Ala mutation opens
space for another water (3) in an equivalent position to the missing guani-
dinium group, but without altering the surrounding backbone in comparison
with the wild type (shown in gray lines).

amide, confirms the important role of the Arg-147 residue in
the selectivity of SiaP for its cognate ligand.

Discussion

As we learn about the diversity of bacterial physiology
through genome sequencing, it is clear that bacterial TRAP
transporters form significant components of the encoded rep-
ertoire of solute transporter in the genomes of bacteria that live
in nutrient-poor environments (7). The best examples of this
are in marine environments that contain a wide range of dis-
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solved organic compounds at low concentrations, requiring
organisms thatlive in these environments to be able to scavenge
effectively for many diverse nutrients (27). TRAP transporters
appear to be enriched in these environments as they have high
affinity, use Na™ as a coupling ion for transport, and have spec-
ificity for diverse organic acids that appear to be major carbon
sources in these niches (28, 29). When TRAP transporters were
first discovered, they were as part of C,-dicarboxylate trans-
porters, but subsequent work has identified a range of other
ligands, united by containing a negatively charged group,
mostly carboxylate, or in the case of ectoine a sulfonate group
(3,7,13, 14). More recently, around 30 novel TRAP SBPs of the
DctP family had their structures solved with co-purified
ligands, revealing a whole plethora of new organic acid ligands,
but also examples of zwitterionic amino acids and a glycerol
3-phosphate molecule bound. In all of these structures, the car-
boxylate (or rarely a sulfonate or phosphate) forms an electro-
static interaction with the conserved arginine in these proteins,
equivalent to Arg-147 in SiaP (18). We have now investigated
using SiaP, the structural and biochemical role of this residue in
TRARP transporter function.

First, the binding affinity of SiaP is significantly reduced in
the absence of Arg-147. All three Arg-147 mutants have major
defects in ligand binding in vitro and in vivo using physiological
(micromolar) concentrations of substrate. The Arg-147 muta-
tions do not alter the overall structure of SiaP significantly
(r.m.s.d.0f0.12,0.14, and 0.23 A between wild-type and R147A,
R147E, and R147K, respectively), and the impact of these struc-
tural changes is seen through the loss of the ionic salt bridge
between the protein and the ligand. Andrews et al. (30)
reported the average intrinsic binding energy of a carboxylate
group to be 8.2 kcal/mol (in the range 7.3-10.3 kcal/mol at 298
K), and hence an important component of driving high affinity
in a ligand-binding site. Given that a change in the equilibrium
constant for binding (K,) by 1 order of magnitude corresponds
to a change in Gibbs free energy (AG) of ~1.36 kcal/mol, the
loss of the salt bridge could lead to a reduction in K, of over 5
orders of magnitude. This corresponds to a decrease in binding
affinity from 120 uMm to =10 mwm, which is very similar to our
experimental observations. It supports the hypothesis that Arg-
147 is essential for physiological function of TRAP transporters
that bind carboxylate-containing ligands. Further support for
the “affinity” hypothesis comes from experiments with KDN, a
300-fold weaker binder than Neu5Ac. KDN binding is undetect-
able when other parts of the interaction with the binding site are
changed in addition to the broken Arg/carboxylate interaction.
Hence, our data support a conserved role for this arginine in con-
ferring high affinity to TRAP transporters mediated by an electro-
static binding interaction in the SBP subunit alone.

Our data support the essential function of Arg-147 in SiaP for
the effective colonization of the host by the H. influenzae (9, 31).
The bacterium obligately depends on scavenging sialic acid
from the host via SiaPQM to incorporate it into LOS and confer
serum resistance (9, 31). In this pathogen, the transporter is
co-transcribed with a gene encoding a periplasmic sialic acid
mutarotase (NanM, HI0148), which helps the bacterium scav-
enge the limited amount of a-Neu5Ac present in the environ-
ment to the B-form that is transported by SiaPQM (32). Our
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FIGURE 4. Growth of E. coli strains on 1 mm Neu5Ac as the sole carbon source. Growth of E. coli strains in M9 minimal medium with 1 mm Neu5Ac as the sole
carbon source over 48 h with the indicated strains: wild-type (WT) (gray diamond); AnanT strain (gray circle); this same strain complemented the wild-type
siaPQM (dark gray triangles) or the genes with a siaP mutant allele of R147A (white triangles), R147E (black squares), or R147K (crosses). Data are the average of

at least triplicate experimental replicates.

FIGURE 5. Molecular fishing for organic acids. A, both WT and R147E mutant have been exposed to a stock of non-cognate “sialylamide.” In the absence of
apo-structures, 2CEY was used to depict the open form of the structure, colored from blue to red from the N to the C terminus. B, R147E (cyan sticks) exhibits a
closed conformation in the presence of sialylamide, superposed onto WT (gray lines for side chains and stars for water molecules) for reference. Two waters (red
spheres, 1and 3) bridge the interaction between the amide and the mutated residue R147E (red dashed lines). Electron density (2mF, — DF _omit maps rendered
at 30) is shown for several other waters (5-7) that are shifted in response to the amide H-bond donor. C, however, atomic resolution (2mF, — DF . omit maps
rendered at 50) reveals that the wild-type protein filters out a minor impurity of sialic acid confirming that the conserved arginine confers high selectivity for
organic acids; cf. same position of surrounding water molecules as in WT in gray.

structural data agree with microbiological work demonstrating
that LOS sialylation is lost in a bacterium containing an R147A
SiaP mutation in the presence of 100 um Neu5Ac (8).

The second significant finding from this study is that water
molecules can partially replace the function of the missing gua-
nidinium group of Arg-147. Nonetheless, faster growth with
the R147K mutant over both other mutants (Fig. 2) suggests an
affinity benefit from even one direct charge-mediated interac-
tion with the ligand over losing both direct contacts compared
with using two water-mediated interaction (Fig. 3, Band C). Yet
this “plasticity” in the binding site can recover function at high
non-physiological (millimolar) substrate concentrations. It also
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allowed us to engineer an R147E mutant that positions two water
molecules in the space previously occupied by the guanidinium
group of Arg-147. Our crystal structure confirmed that the mutant
protein is able to use water-mediated contacts to bind sialylamide,
an atypical ligand for SiaP. Crystallization of the wild-type SiaP
with the same preparation of sialylamide revealed that the arginine
is able to “fish out” even the minimal amounts of Neu5Ac present
in this sialylamide preparation, analogous to conditions of limited
environmental nutrients. These data also suggest that sialylamide
probably is not a true ligand for wild-type SiaP, and binding
detected in Muller et al. (5) was likely due to this low level of con-
tamination with Neu5Ac.
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In addition to the two geometrically engineered water mole-
cules in the R147E/sialylamide structure, there is further evi-
dence of using water to neutralize ligand charge in other SBP
subtypes; the bridging of negatively charged aspartate ligands
by two water molecules to the protein backbone was suggested
to be a general feature of 59 out of 78 Bug proteins (33), which
can be components of bacterial tripartite tricarboxylate trans-
porters (34).

Although there is now strong support for the arginine being
central to TRAP transporter ligand binding, there are small
fractions of DctP-TRAP SBPs that do not have an equivalent
arginine. In our Pfam analysis of the SBP-bac-7 family of 6142
sequences, 3% (199) lack the Arg-147 equivalent. The Arg is
most commonly substituted for a Phe, a hydrophobic aromatic
amino acid. Interestingly, the structure of the Tp0957 TRAP
SBP from Treponema pallidum revealed a unique hydrophobic
binding pocket where the Arg-147 equivalent is an alanine,
which may define a small group of TRAP transporters likely
binding hydrophobic substrates (35, 36), although the exact
nature of these ligands is currently unknown. Within the study
by Vetting et al. (18), the structure of Chromohalobacter salexi-
gens DSM 3043 Csal_0678 protein, which lacks the Arg-147
equivalent, binds an atypical TRAP ligand, ethanolamine, rein-
forcing the strong link between the Arg and selectivity of car-
boxylate-containing ligands as typical TRAP substrates.

In conclusion, our data provide the first structural, biochem-
ical, and mechanistic insight into the importance of Arg-147 in
TRAP transporter biology. Its function lies in conferring high
ligand specificity and affinity to the TRAP transporters and
enables function in environments with limited amounts of car-
boxylate-containing ligands.
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